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FAST ROUTER AND HARDWARE-ASSISTED
FAST ROUTING METHOD

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. provisional

Patent Application Ser. No. 60/353,345, filed Feb. 1, 2002
for a “Hardware-Assisted Fast Routing” by Andre DeHon,
Randy Huang, John C. Wawrzynek, U.S. provisional Patent
Application Ser. No. 60/363,977 filed Mar. 14, 2002 for
“Implementation of Computation Note 10: FPGA-acceler-

ated Fast-Routing for Mesh Topologies” by André DeHon,
Randy Huang, John C. Wawrzynek, and U.S. provisional
Patent Application Ser. No. 60/415,170 filed Sep. 30, 2002
for “Stochastic, Spatial Routing for Hypergraphs, Trees, and
Meshes” by Andre DeHon, Randy Huang, John C.
Wawrzynek, the disclosure of all of which 1s incorporated
herein by reference.

STAITEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The present invention was made with support from the
United States Government under Grant number NO0014-01 -
0651 awarded by the Oflice of Naval Research of the
Department of the Navy. The United States Government has
certain rights 1n the imvention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mnvention relates to devices or systems where
the interconnect (wiring, communication) structure 1s
defined after fabrication and interconnect patterns persist for
long times such as Field-Programmable-Gate-Arrays (FP-
GAs) and coarse-grained reconfigurable devices. Specifi-
cally, the present invention addresses how to accelerate the
discovery of high-quality routes on these devices or systems,
by disclosing a router and a hardware-assisted fast routing
method.

2. Description of the Prior Art

FIGS. 1 to 3 schematically describe a programmable
network which has been generally discussed i C. E. Leis-
erson, Fat Trees: Universal Networks for Hardware Eflicient

Supercomputing, IEEE Transactions on Computers C-34

(10) 892-901, October 1985 and further expanded 1n Will-
lam Tsu, Klp Macy, Atul Joshi, Randy Huang, Norman
Walker, Tony Tung, Omid Rowhani, Varghese George, John
Wawrzynek, and André DeHon, “HSRA: High-Speed, Hier-
archical Synchronous Reconfigurable Array,” i Proceed-
ings ol the International Symposium on Field Programmable
Gate Arrays, February 1999, pp. 125-134.

With reference to FIG. 1, the programmable network
comprises an array ol interconnects having a first set of
switches or switchpoints 1 and a second set of switches or
switchpoints 2. The switches of the first set are usually
T-switches, and the switches of the second set are usually
n-switches, as later described 1n FIGS. 2 and 3. The HSRA
also comprises a third set of switches 3, the connection-box
switches, and a plurality of network endpoints 4.

The network endpoints 4 can be, for example, lookup
tables (LUTs) or processors. In the example shown in the
Figure, each endpoint is connected to seven connection-box
switches 3. A connection-box switch 1s a matrix of switching
transistors (like the ones shown 1n the following FIGS. 2 and
3) each of which 1s able to connect, based on the status of
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a control bit, a vertical connection (e.g. a connection 1nto the
hierarchical network) with a horizontal connection (a con-
nection 1nto the endpoint). The connection-box matrix may
be partially populated (as shown). See, for example, Andre
DeHon, Entropy, Counting and Programmable Interconnect,
FPGA 96, ACM-SIGDA Fourth International Symposium
on FPGAs, Feb. 11-13, 1996, Monterey Calif., FIG. 2.

A first feature of the HSR A network 1s that the number of
switches 1n each hierarchical switchbox i1s linear in the
number of wires 1n the switchbox and the total number of
switches 1, 2, 3 1n the network 1s linear in the number of
endpoints 4. See, for example, hierarchical switchboxes 5, 6,
and 7 of FIG. 1.

A further feature of the HSRA network 1s that there 1s a
unmque set of switchboxes between any source endpoint and
sink endpoint of the network, so that global routing (1den-
tification of a set of switchboxes from a source to a sink) 1s
trivial. However, detail routing, 1.e. identification of the
precise set of switches from source to sink, 1s not trivial.

FIG. 2 shows an embodiment of a switch 1dentified by the
numeral 1 in FIG. 1. The switch 1 of FIG. 2 1s called
T-switch (three-side switch) and comprises switching tran-
sistors 21, 22, and 23 having respective configuration bit
control mputs 24, 25, and 26. The switching transistors
allow a connection to be made between any two of the three
sides A, B, and C, where side A 1s usually called the “parent”
and sides B and C are usually called the “children”, or even
to make a connection between all three sides. For example,
if bit control inputs 24 and 26 are set to 1, and input 25 1s
set to 0, the parent A 1s connected to the chuld B and the child
B 1s connected to the child C, but the parent A 1s not directly
connected with the child C.

FIG. 3 shows an embodiment of a switch 1dentified by the
numeral 2 1in FIG. 1. The switch 2 of FIG. 3 1s called
m-switch (four-side switch) and comprises switching tran-
sistors 31, 32, 33, 34, and 35 having respective configuration
bit control inputs 36, 27, 38, 39, and 40. A w-switch allows,
for example, side F or side G to be connected to sides D
and/or E, according to the status of the control inputs.

Switches with more than two children links and/or more
than two parent links are also known. See, for example,
Andre DeHon, Rent’s Rule Based Switching Requirements,
System-Level Interconnect Prediction, SLIP 2001, Mar.
31-Apr. 1, 2001, pp. 197-204.

The current dominant approach to HSR A detail routing 1s
a software approach based on a routine known as Path-
Finder. See, for example, Larry McMurchie and Carl Ebel-
ing, “PathFinder: A Negotiation-Based Performance-Driven
Router for FPGAs,” 1n Proceedings of the ACM/SIGDA
International Symposium on Field-Programmable Gate
Arrays, ACM, February 1995, pp. 111-117. Further
approaches provide for the presence of multiple processors,
where parallel software implementation of PathFinder 1s
provided. See Pak K. Chan and Martine D. F. Schlag,
“Acceleration of an FPGA Router,” in Proceedings of the
IEEE Symposium on FPGAs for Custom Computing
Machines, IEEE, April 1997, pp. 175-181, and Pak K. Chan
and Martine D. F. Schlag, “New parallehzatlon and conver-
gence results for nc: A negotiation-based FPGA router,” 1n

Proceedings of the 2000 International Symposium on Field-
Programmable Gate Arrays (FPGA °00), ACM/SIGDA,

February 2000, pp. 163-174.
With reference to more traditional, mesh-based FPGA

routing networks, several attempts have been made to

improve the performance of software-based FPGA routers,
as shown 1n J. S. Swarz, V. Betz, and J. Rose, A Fast
Routability-Driven Router for FPGAs, Proceedings of the




Us 7,342,414 B2

3

1998 International Symposium on Field-Programmable
Gate Arrays (FPGA "98), pp. 140-149, ACM/SIGDA, Feb-
ruary 1998 and in R. Tessier, Negotiated A* Routing for
FPGAs, Proceedings of the 5% Canadian Workshop on Field
Programmable Devices, June 1998.

A major problem with these entirely soltware-based
approaches 1s that billions of software cycles are usually
required, which are not suil

icient to make runtime routing
viable 1 circumstances where, for example, (1) the specific
computing task 1s not known or defined until runtime, (2) the
task may be used for only a few million cycles, or (3) the
task must be operational in seconds (or less) instead of
minutes or hours.

Hardware-based approaches are also known, as disclosed,
for example, mn A. Iosupovici, A class of Array Architectures
tor Hardware Grid Routers, IEEE transactions on Computer-
Aided Design of Integrated Circuits and Systems, 5(2):245-
2535, April 1986 and 1n T. Ryan and E. Rogers, An ISMA Lee
Router Accelerator, IEEE Design and Test of Computers, pp.
38-45, October 1987.

Therefore, there 1s a need for a method and a device which
makes runtime routing more viable than currently known, in
order to substantially reduce the time to find a quality set of

routes.

SUMMARY OF THE

INVENTION

The present mvention improves the prior art results by
using a novel routing device and hardware-assisted search-
ing method. According to such method, the time for the
search task can be significantly reduced over the software
version. In particular, according to the present invention, the
network structure itself will be used to support a parallel
route search and keep track of the state of the network. By
adding a few gates to the switchpoints (roughly 20 gates per
switch), the present invention 1s able to perform a free or
least-cost path search in parallel, completing the search 1n
just tens of cycles.

According to a first aspect, a network 1s provided, com-
prising: a plurality of endpoints connectable through inter-
connect links; and a plurality of switchpoints to program-
mably connect one or more of the interconnect links, a path
between endpoints being determined by a configuration of
switchpoints, wherein the switchpoints comprise propaga-
tion circuitry to propagate a search signal through the
network, to identily the configuration of switchpoints allow-
ing a path between a first endpoint and a second endpoint to
be established.

According to a second aspect, a network 1s provided,
comprising: a plurality of endpoints connectable through
interconnects; and a plurality of programmable switchpoints
to connect one or more of the interconnects, wherein the
switchpoints and the interconnects act as: search circuitry
during a search phase where a search signal 1s propagated
through the network to i1dentily a configuration of switch-
points establishing a path between a first endpoint and at
least one second endpoint; allocation circuitry during an
allocation phase where the switchpoints of the configuration
of switchpoints establishing the path are set; victimization
circuitry during a deallocation phase where set switchpoints
are cleared; and path-establishing circuitry during normal
operation of the network.

According to a third aspect, a hardware-assisted method
1s provided, to route a signal between a first endpoint and a
second endpoint on a network having connections and
switchpoints, the method comprising: determiming unused
network connections; and driving a search signal into the
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network to 1dentity a configuration of switchpoints allowing
a path between the first endpoint and the second endpoint to
be established.

According to a fourth aspect, a network 1s provided
comprising: a plurality of endpoints connectable through
interconnects; and a plurality of switching elements to
programmably connect one or more of the interconnects, a
path between endpoints being determined by a configuration
of switching elements, wherein the switching elements
comprise propagation hardware to propagate a search signal
through the network, 1n order to 1dentity the configuration of
switching elements allowing a path between one endpoint
and a plurality of other endpoints to be established.

According to a fifth aspect, a method 1s provided for
searching a path, 1n a network having a plurality of switch-
points, between a source and a plurality of destinations, the
method comprising, for each destination: propagating a
search signal from the destination along unused network
connections to 1dentify path-establishing switchpoints estab-
lishing a path between the source and the destination; and
allocating the established path by setting the path-establish-
ing switchpoints.

According to a sixth aspect, a method 1s provided for
establishing a route between a source and at least a desti-
nation on a programmable routing network having a plural-
ity of switchpoints, comprising: 1n a first time step, starting
a route search by driving a search signal from the source
along unused network connections originating from the
source; upon reaching of a switchpoint, in a second time
step, propagating the search signal along unused network
connections originating from the switchpoint; in case the
search signal reaches the switchpoint from more than one
direction, determining a preferred direction of propagation
of the search signal oniginating from the switchpoint; and
terminating the route search when the search signal reaches
the at least one destination.

According to a seventh aspect, a method 1s provided for
establishing a route between a source and at least one
destination on a programmable routing network having a
plurality of switchpoints, comprising: starting a route search
by driving a search signal from the source to a first switch-
point; propagating the search signal from the first switch-
point to other switchpoints; and terminating the route search
when the signal reaches the at least one destination.

According to an eight aspect, a switch 1s provided to be
used 1n a network according to the present invention, the
switch comprising propagation circuitry to propagate a
search signal through the network.

The feature of the unique set of switchboxes between
source and sink introduced with reference to FIG. 1 above
also means that there 1s a unique “least common ancestor”,
also called “crossover” switchbox between any source and
sink. With reference to the network of FIG. 1, each switch-
box 1s a crossover switchbox for some set of source/sink
pairs.

In the path search step according to the present invention,
paths are traced in parallel from the source and sink to the
crossover switchbox. If the search from the source and the
search from the sink meet on one (or more) wires at the
crossover switchbox, one or more viable route paths have
been found.

A single path associated with a determined source-sink
pair may also be allocated, meaning with this that the
switches encountered across a single path are then set to
connect the path. The allocation step according to the
present invention can be either hardware-based or software-
based. In case no path 1s found between a determined source
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and a determined sink, the present invention also provides
for deallocation of some of the already allocated paths to
create an available path. The deallocation step will be also
referred to as ‘victimization” step throughout the present
specification. Also the deallocation/victimization step can be
either hardware-based or software-based.

Theretfore, the present mvention provides a device and a
method capable of self-routing by means of a limited
amount of additional hardware added to the network. Qual-
ity route search negotiation 1s performed, and techniques for
selecting among many possible paths and negotiating con-
gestions are provided. High quality routes are achieved
while parallelizing the route search, by using the existing
interconnect and configuration of a configurable network to
support fast route search and negotiation. Once 1dentified,
the routes are able to be installed directly into the device.
Routes can also be victimized and replaced by new routes.
The victimized routes can be identified and reported to a
central or hierarchical controller. Congested routes are 1den-
tified with a minimum amount of hardware and, in the
general case, routes with the minimum number of occupying
nets are i1dentified.

It should be noted that the present invention can also be
useiul for Programmable-System-on-a-Chip devices and
networks of processors.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be understood and appreciated
more fully from the following detailed description taken in
conjunction with the drawings 1n which:

FIG. 1, already described above, shows an HSRA net-
work:

FI1G. 2, already described above, shows a T-switch for use
with an HSRA network;

FI1G. 3 already described above, shows a T-switch for use
with an HSRA network;

FIG. 4 shows an augmented T-switch;

FIGS. 5-7 show an example of a route search;

FIG. 8 shows a circuital diagram for random selection of
switches:

FIG. 9 shows a hardware implementation of a congestion
count approach;

FIG. 10 shows a binary tree explaining a net count
approach;

FIG. 11 shows a hardware implementation of the net
count approach;

FIG. 12 shows a switch with a route allocation mecha-
nism;

FIG. 13 shows an example of a global route binary tree;

FIG. 14 shows a network comprising the global route
binary tree;

FIG. 15 shows an example of the logic used to perform
victimization;

FIG. 16 shows an example of a table used in software
allocation and victimization;

FI1G. 17 shows a flowchart of a method for application to
hypergraphs;

FIG. 18 shows a switch comprising a lock bat;

FIGS. 19-24 show an embodiment of a route search
process 1n the application to meshes;

FIG. 25 shows the logic equations needed to implement a
tree switch that supports hardware-assisted routing of FIGS.
19-24; and

FIG. 26 shows a representative set of equations for the
diamond switchpoint.
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DETAILED DESCRIPTION OF TH.
INVENTION

(L]

Overview

With reference to the network switches 1, 2, 3 shown 1n
FIG. 1, an aspect of the present imnvention advantageously
provides a logical OR between the two children channels
and the parent channel, allowing the status of the children
channels to be sent back to the parent channel. The OR 1s
conditioned on the switches not being in use.

FIG. 4 shows an embodiment according to an aspect of
the present invention with reference to a T-switch as shown
in F1G. 2. In particular, the T-switch according to the present
invention additionally comprises two AND gates 41 and 42,
an OR gate 43, and a tristate bufler stage 44. The AND 41
allows to i1dentily when the switch 1s 1 use or not. The OR
43 allows path search when the switch 1s unused. If, for
example, the switch 1s 1n use for an up-connection (side A
connected to side B or side A connected to side C) then the
switch behaves normally and the parent wire 1s simply
connected to a child and propagates signals on the child to
the parent (or vice versa) as 1t normally would. However, i
both configuration bits 24, 25 are unused, the tristate bufler
44 will be enabled and the added logic of FIG. 4 will OR
together the child mputs B, C and place such result on the
parent side A of the array. Therefore, the above configuration
of FIG. 4 allows the switch to propagate a one which appears
on either child B, C to the parent A. This feature will be used
to mark a potential path which 1s available for allocation, as
shown 1n more detail below. FIG. 4 also shows an AND 42,
used to i1dentity the presence of a one on both child sides,
thus providing a one on connection 45. The reason for the
AND 42 will be explained below 1n more detail.

A similar augmentation can be performed on a m-switch.
The person skilled in the art will readily determine a
hardware configuration for an augmented m-switch, having
in mind the embodiment of FIG. 4. This kind of logical
augmentation can also be easily adapted for rebullered and
clocked switchpoints as well, and also switches with more
than two children links and/or more than two parent links.

The hardware-assisted routing method comprises the fol-
lowing steps:

1. All endpoints 4 of FIG. 1 are set to drive zeros into all
unused input and output connections to the network and
all allocated source lines. Allocated sink lines will be
left undriven as they will be driven by their associated
SOUrces.

2. For the designated source-sink pair to be routed, a one
1s driven 1nto each unused (available) network connec-
tion.

3. The drniven ones propagate through the network to the
unique crossover switchbox. Propagation of the driven
ones 1s made possible by means of the OR logic shown

in FIG. 4.

4. At the crossover switchbox, a switchpoint which
receives a one on both of 1ts sibling sides (for example
sides B and C of the augmented switch shown 1n FIG.
4) 1s searched for. A matched pair of ones indicates a
complete path from both the source and the sink. Such
switchpoint will have a one on a “valid path” line such
as the line 45 of FIG. 4. Therelore, the role of the AND
42 and line 45 1s that of allowing a matching switch-
point to be determined.

5. The umique path associated with one such matched pair
1s allocated by setting the switches accordingly to
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connect this path. This means this path will have zeros
driven 1nto 1t in the future and will not be considered 1n
subsequent route searches.

FIGS. 5-7 show an example of the route search according,
to the above outlined steps, where a path search from node
4 to node 2 1s shown.

As shown 1n FIG. 5, according to the first step of the
method, all nodes 0-7 are set to drive zeros into all unused
input connections to the network. The light, thick lines 50 of
FIG. 5 show pre-existing, allocated routes which cannot be
used 1n the node 4-node 2 route search. Element 51 1n FIG.
5 represents an external 1/O from the network.

As shown 1 FIG. 6, according to the second step of the
method, for the designated source-sink pair 4 to 2, a one 1s
driven 1nto each unused network connection. See segments
61 to 66 of FIG. 6.

As shown 1n FIG. 7, according to the third step of the
method, the driven ones propagate through the network to
the unique crossover switchbox 73. At the crossover switch-
box 73 there 1s only a single switch, switch 74, which has a
one arriving from both child sides and therefore a one on 1ts
valid path connection. The switch 74 allows the route from
node 4 to node 2 to be 1dentified.

According to the fourth step of the method, the unique
path associated with nodes 4 and 2 and passing through
switch 74 1s allocated, by correspondingly setting the
switches 1n the path from node 4 to node 2.

The search and allocation steps performed as above can
be successively performed for every network connection in
the design.

The Multiple-Path Selection Step

Therefore, the present invention uses the network itself
(1.e. hardware) to explore all paths simultaneously, differ-
ently from a software procedure like PathFinder which
serially explores all the possible paths between source and
sink until a free (or inexpensive) path 1s found. The method
disclosed above 1s fast because all the switched paths are
instantiated in hardware and directly connected by wires.
Therefore, 1t takes only the signal propagation delay across
the wires and switches to trace back all possible paths.

In the example of FIGS. 5-7 only a single available path
has been found. However, available paths can also be more
than one. Should this be the case, a path can be selected
deterministically from the available paths with some fixed
priority scheme, or a random selection can be performed.

For example, a pseudo-random number generator
(PRNG) and a cyclic segmented parallel prefix (CSPP)
circuit can be generated, as shown 1n Bradley C. Kuszmaul
and Dana S. Henry, “Cyclic Segmented Parallel Prefix,”
Ultrascalar Memo 1, Yale, November 1998. The PRNG
indicates which crossover switch 1s preferred for allocation.
The switches which are not selected are masked out, and the
CSPP circuit 1s used to identily the first circuit candidate
switchpoint 1dentified by the path search. The CSPP circuit
allows to 1dentily the path in O(log(W)) time, where W 1s the
number ol switchpoints 1n the switchbox. Experimental
results have shown that use of the PRNG-CSPP generation
scheme 1s 1ndistinguishable from the use of a pure random
number generation.

FIG. 8 shows a schematic circuit embodying a logic for
random path selection. A pseudo-random number generator
800 generates a densely coded (standard binary number). A
decoder 810 turns the number 1nto a 1-hot encoded number,
thus outputting a one on one of the decoded lines 820-850
and a zero on the other lines. Alternative embodiments with
an already decoded output from the generator 800 are also
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possible. The one coming out of the decoder 810 indicates
the preterred switch to the digital logic circuits 860-890.
Each of the circuits 860-890 1s connected to a respective
switch, for example a T-switch, 900-930. 11 there 1s a path to
the switch connected to the logic circuit recerving a one from
the decoder 810, shown by the status of signals 940, 950,
960 or 970, that switch will be selected for allocation, along
one of the paths 980, 990, 1000 or 1010. Otherwise the one
1s allocated to another logic circuit, for example the logic
circuit immediately following the logic circuit recerving the
one from the decoder. Allocation of the one among logic
circuits 1s made possible by means of the signals 861-891
and 862-892.

By using a cyclic prefix as shown 1n figure, there will
always be a fully ordered set of priorities from the preferred
switch. Therefore, 11 decoder 810 prefers switch 920, the
order of preference among switches will be 920. 930, 900,
910. The logic 1n each of the logic circuits 860-890 1mple-
ments this priority scheme. In particular, if the mputs 820,
830, 840, 850 arc called °‘start_here’, the mputs 940, 950,
960, 970 are called ‘valid_path’, the outputs 980, 990, 1000,
1010 are called ‘allocate’, the outputs 861, 871, 881 are
called ‘alloc_avail out’, the output 891 1s called ‘alloc_
avail’, the outputs 862, 872, 882 are called ‘alloc_made_
out’, and the output 892 1s called ‘alloc_made’, the follow-
ing expressions (where + indicates an OR, * indicates an

AND and/indicates negate) govern the behavior of logic
circuits 860-890:

allocate=(start_here+alloc_avail)*valid_path

alloc_avail_out=(start_here+alloc_avail)*/valid_path

alloc made out=alloc made+allocate

The element 1020 describes the switchbox control logic,
the output 1030 of which indicates status to the route
control. Therefore, the logic circuits 860-890, based on the
signals 820, 830, 840, 850 either allocate or pass on the
allocate preference to the next element in the path (alloc_
avail_out). Subsequent switches look at the alloc_avail
signal to see 1 they get a chance to allocate. They will either
allocate (and stop propagating alloc avail_out) or pass along
the signal. In a similar manner, as soon as a logic circuit
allocates, it sets the alloc_made signal so that the switchbox
control logic 1020 (and ultimately the route controller) will
be miformed that a path was found and allocated.

The Victimization Step

The present invention also takes into consideration
embodiments where no available path can be found. A first
way ol approaching this kind of scenario i1s to provide that
the path to be found shares resources with the least con-
gested existing path. However, 1n thus way the state and
complexity of mechanism required to support it are
increased.

A second victimization embodiment, more effective with
hardware implementation, provides ripping-up contlicting
routes 1n order to expose an available path. This raises the
question of which routes to victimize. For example, the path
that would disturb the least existing switched connections
could be i1dentified. Such a selection would be roughly
equivalent to selecting the path with least congestion, 1gnor-
ing any history information. A third victimization embodi-
ment provides for random selection among all possible
paths. If the conflicting paths have alternatives, then they
can be rerouted.

The random scheme (e.g. the PRNG-CSPP generation

scheme above) 1s a simple scheme to select among multiple
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available paths. The main advantage of the random scheme
1s that 1t 1s mexpensive to implement in hardware. However,
selecting a victim randomly sometimes produces bad
choices, leading the router away from a valid solution or at
least causing the router more time to converge. According to
a fourth victimization embodiment, the selection process
among available routes 1s biased to improve the quality of
the router and help the router to converge more quickly.

Intuitively, one might expect that the best path to select 1s
the one that does the least damage to existing routes. One
way to measure this 1s to count the number of switches
which any new, candidate route shares with existing routes.
During a route search, i1 a switch 1s occupied, the cost of the
route will be increased by one. At the crossover switchbox,
a free path will be selected if possible, or alternatively the
least congested path. Experiments conducted by the mnven-
tors have shown that a ‘count congestion” approach has a
higher probability of achieving a better quality route than the
random approach.

FIG. 9 shows a hardware implementation of the count
congestion approach. According to the implementation of
FIG. 9, 11 the switch 1s occupied (child-parent link 1n use),
the search signal 1s delayed by one cycle. Theretore, the first
search signal to arrive at the crossover switchbox 1s the path
least congested.

More 1n particular, FIG. 9 shows an OR gate 81 which 1s
analogous to the OR gate 43 of FIG. 4. The connection
between the output of the OR gate 81 and the parent side A
1s controlled by an OR gate 83, which 1s substantially
analogous to the AND gate 41 of FIG. 4. If the output of the
OR 83 1s zero (control bits 24 and 25 are zero, 1.e. both
chuld-parent switches are not set), the output of the OR 81
1s transmitted to the parent side A. I the output of the OR
83 1s one, the output of the OR 81 1s delayed. In particular,
if the output of the OR 83 1s zero, the multiplexer 88 will
select the path 89 for the output of the OR gate 81; 1f the
output of the OR 83 1s one, the multiplexer 88 will delay the
output of the OR gate 81 through the D element 90, which
could be either a single register or a plurality or registers, as
1s more typical i the case of meshes. The embodiment
shown 1n FIG. 9 also takes into consideration the optional
approach of delaying the output of the OR 81 when the
switch 1s already used for crossover by another net, so that
the crossover switch 23 1s set. In such case, there 1s no sense
in considering that switch for the new path, because it 1s
already used for a different path. Therefore, the one on the

connection 87 will prevent propagation of the one at the
output of the OR gate 81.

A second way of biasing victim selection 1s to count the
number of nets that would be victimized if a path were
selected. FIG. 10 shows one wire channel of a size-sixteen
(p=0) tree, where p 1s the exponent in Rent’s rule, as
explained, for example, 1n B. S. Landman and R. L. Russo,
On Pin Versus Block Relationship for Partitions of Logic

Circuits, IEEE transactions on computers, 20:1469-1479,
1971.

Black nodes NO-N13 represent endpoints of a network,
while grey nodes T1-T15 represent T-switches. For example,
the children of switch T1 are connected to endpoints N0, N1
and the parent of T1 1s one of the children of 19, the other
chuld being the parent of T2. Lines 95-98 are represented by
a solid line and show existing paths or nets. Usually, the term
‘path’ defines a set of nodes connected with reference to a
single source-sink pair, while the term ‘net’ 1s used when a
single source 1s connected to a plurality of sinks (fanout
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connection, as later explained 1n more detail). When a net
has to be routed, there will be paths from the source to each

of the sinks.

Suppose we were to perform a route search from node N1
to node N9, as shown 1n the dotted line. The count conges-
tion method performed by the hardware of FIG. 8 will return
a congestion cost of three. In particular, on the upward
search from N1 to the crossover switch N15, three interme-
diate switches already 1n use are passed: T1, 19, and 113,
therefore a delay of three. In parallel to this, the path from
N9 to T15 also gets charged a cost of three (15, T11, T14).
At T15, detection 1s made of the arrival time of the last of
the two sides. Since both sides arrive at the same time, the
cost will be simply a cost of three.

On the other hand, a count net method will return a cost
of one since there 1s only one net occupying the path. The
count net scheme directly reflects the number of existing
nets aflected by this path and, consequently, the amount of
re-routing work that has to be done if a path or net were
chosen to be ripped-up.

With reference to FIG. 10, 1t can also be observed that a
search signal and a routed net can “interact” at only two
switches, entering switch T1 and exiting switch T35, as
shown 1 FIG. 10. At those two switches, the configuration
of the switch will be different from the search direction,
because the switch will be set to receive a signal along one
of 1ts children, while we will try to establish a path along the
other child. In particular, with reference to switch T1, we are
trying to establish a bottom-up path along 1ts right child
C1R, while a path has already been established along its lett
chuld C1L. With reference to switch 15, we are trying to
establish an up-bottom path along its right child CSR, while
a path has already been established along its left child CSL.
With additional hardware support, it a switch such as switch
T1 1s occupied and has a configuration different from the
search direction (1.e. configuration on the right and search
direction on the left or vice versa), we have encountered a
new net and will delay the search signal by one cycle.

FIG. 11 shows a hardware implementation of the above

technique, which requires only four additional gates, 1.e.
AND gates 101, 102, 103 and NOR gate 104. In particular,

the two-input OR 81, the delay register 90, and the MUX 88
are the same as the corresponding elements of FIG. 8. The
three-input OR 108 1s substantially similar to three-input OR
83 of FIG. 8, the main difference being that there 1s a delay
of the output of the OR 81 only when also the output of the
NOR 104 1s one, 1.¢. when the outputs of both AND 102 and
AND 103 are zero. When we are trying to establish a path
through C (right side) and the left switch (CL) 1s set
(conflicting input), we have that CL=1, B=0, CR=0, and
C=1. Therefore, the mputs to the NOR 104 are all zero, and
the output of the NOR 104 and of the OR 108 1s one, so that
there 1s a delay. If we are trying to establish a path through
C and the left switch 1s not set (CL=0, unused switch), the
output of the OR 108 will be zero and there will be no delay.
If we are trying to establish a path through B (left side) and
the lett switch 1s set (consistent input, see for example T9 1n
FIG. 10), we have that the output of the AND 103 1s one,
thus no delay. In conclusion, there 1s no delay 1n case of
consistent inputs or unused switch, and there 1s delay 1n case
ol consistent mnputs.

The Allocation Step

Allocation of the path associated with the matched pair of
endpoints requires setting the switches accordingly to con-
nect the path, as already noted above. This means that the
path will have zeros driven into 1t 1n the future and will not
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be considered in subsequent route searches. In order to
perform the allocation step, a route allocation mechanism
may be built into the network.

FIG. 12 shows 1n detail a preferred embodiment of the
route allocation mechanism according to the present inven-
tion. The route allocation mechanism comprises an extra
AND gate 110 for each switch, an “allocate” pull-up 111,
112 at the crossover switch 23, and a global-route binary tree
to 1dentity the global route path, 1.e. the unique set of
switchboxes connecting the source to the sink. For example,

the global-route binary tree can be represented by a series of
ORs, as also shown 1n FIG. 13 below.

In particular, once a possible route has been found 1n the
path search step, the normal network paths are not driven
anymore and an “allocate” request 1s driven from the cross-
over switchbox: a one 1s sent back down the selected path to
perform the allocation. Each switch which receives this one
performs the actual allocation on the appropriate parent-
chuld link, propagating the allocation, 1n turn, down to that
chuld; the global-route tree shows the switchpoint which
child connection to allocate.

FIG. 12 shows connections 114 and 1135 of the global-
route binary tree. If the one comes along the parent connec-
tion 69 and connection 114 holds a one, the parent will be
connected to the rnight child. Conversely, 1f the one comes
along connection 69 and connection 115 holds a one, the
parent will be connected to the left child.

The allocation begins at the crossover switch, 1.e. the
switch having a one on both of 1ts left and right child B, C,
which establishes a “valid path” signal 45 by means of the
AND 42, as already explained above. In a first step the
SOUrce and the sink drive are deasserted, so that the left child
side B and the right child side C are set to zero. In a second
step, an “allocate phase” signal along connections 118, 119
1s set to one, thus setting the configuration bit 26 to one and
allocating the crossover switch, 1.e. connecting the left child
side B to the right child side C. In a thard step, a signal along
connection 121 1s asserted. The signal will drive the pull-up
transistors 111, 112 and establish a one on the children B, C.
At that moment, the one along connections B and C will
begin to propagate along the network at the left of side B and
at the right of side C and enter the other switches on the
parent side. The ANDs 125, 126 will allow propagation of
this signal through the left up-down switch 21 by means of
the configuration bit 24 or the right up-down switch 22 by
means of the configuration bit 25 only if the connection
along those switches 1s part ol the established path, as
determined by the global route binary tree connections 114,
115, one of which will carry a one. In this way, all switches
making part of the connection are set.

It should be noted that the global-route tree allows the
switchpoint to know which child connection to make,
because 1t provides this information. The global-route tree 1s
only used during routing, so 1t can be shared with other
control functions that are needed only during operation.

Incidentally, it should also be noted that the various
features shown 1n the previous figures and the features of the
figures that follow (victimization, fanout) may be combined
so that, for example, allocate logic can be provided also with
switchboxes of the type shown 1 FIGS. 9 or 11.

FIG. 13 shows a schematic representation of the binary
global-route tree, where each node GR1 ... GR7 1s an OR,
which takes the two children as inputs and produces an
output on the parent link. For example, node GR5 takes the
chuldren 131, 132 as mputs and produces an output on the

parent link 133.
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FIG. 14 shows a schematic representation of a global-
route tree connected to a network according to the present
invention, where endpoint nodes N, T-switches, m-switches
and global-tree nodes GR are shown.

During the allocation phase detailed above, the three
control signals (source/sink deassert signal, allocate phase
assert signal, and allocate_this_path assert signal) are sent 1n
sequence. According to a preferred embodiment of the
present invention, the three signals can be advantageously
pipelined. In this way, the time spent for allocation will
equal one trip through the network plus a small constant
number of cycles to drain the pipeline.

As already noted above, when no free routes are founds,
existing routes are deallocated (victimized) 1n order to make
a new route. FIG. 15 shows an embodiment of the logic to
perform victimization. According to the embodiment of FIG.
15, the configuration bits can now be both set and cleared
and signal propagation can be overridden, in order to propa-
gate victims.

The logic shown 1n FIG. 15 needs to identily the inter-
secting paths and propagate the fact that the path 1s a victim
to all switchpoints along the path before actually clearing the
switchpoints. Theretfore, a first crossover-to-leaf trip 1s used
to 1dentily the intersecting paths. A second crossover-to-leaf
trip 1s used to propagate the fact that a path 1s a victim to all
switchpoints along the path. A third trip allows then to clear
the switchpoints. A fourth, final, trip 1s then performed to
establish the new allocation.

Si1x different steps are performed:

In a first step, a ‘victim identification’ signal 140 1s
asserted and a victim latch 141 1s set. The victim latch
141 1s set 1 the parent A (‘parent’) 1s true, the victim
identification signal 140 (‘victim_ident’) 1s true, and
cither the configuration bit 24 (‘config leit’) or the
configuration bit 25 (‘config_right’) are set. In particu-
lar, the 1input 146 (‘victim’) to the victim latch 141 1s
established by the following logic expression (where,
as usual * indicated AND and + indicates OR), where
the last part of the expression (‘“parent*drop_bit’) will
be explained later:

Victim=parent*victim_ident*config left+
parent®victim_ident*config right+
parent®drop_bit

Once set, the victim latch 141 stays set until cleared by the
clear victim signal CV of FIG. 15. If the switch 1s part of the
global-route path, there 1s a one on one of the global route
connections 114, 115 which causes either the AND 142 or
the AND 143 to input a one in either one of ORs 144, 145
thus enabling up-down switch 21 or up-down sw1tch 22
independently of the status of the configuration bits 24, 25.
In this way, as soon as the crossover switch 23 1s pulled up
by means of the third step of FIG. 11, a one travels all the
way down along the global route path, setting, for each
switch which 1s encountered and was previously in use for
a different route, the victim latch 141 to one along latch input
146 according to the logic above. As a consequence, at the
end of the first step, all victim latches are set to one
everywhere the new path intersects an old path.

In a second step, a victim search signal 148 is asserted so
that, as long as the latch 141 1s set, the AND 149 allows
switching of the pull-up transistor 150, thus driving the
parent link A to a high value. Where existing configurations
21, 22 are set, they will allow this one to now propagate
throughout the entire existing network; that 1s, all switches
in all paths will now see a one 1n them. At the crossover
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switch for each such route, OR 151 will be enabled indi-
cating that that crossover switch 1s on a victim path.

In a third step, a one 1s driven on all victimized paths at
their respective crossover switches (as just identified via OR
151 1n the previous step), thus guaranteeing that there 1s a 3
one on the parent link of all routes which should be
victimized. Additionally, a ‘drop bit’ signal 1s asserted on the
input 146 of the latch 141, so that the victim latch will be
updated to reflect these drops, as also reflected by the last
portion ‘+parent™drop_bit” of the expression above. 10

Therelore, 1n the first step the immediate victims (points
of intersection) are set. In the second step that information
1s propagated to the top of each path. In the third step, that
information 1s propagated from the crossover, so that every
switch can be marked along the victimized path. As a 15
consequence, more victims are added.

In a fourth step, a ‘drop” signal 152 1s asserted, which
allows the switch transistors 127, 129 to be cleared, through
the AND 153. In this way the old paths are cleared from the
victim switches. 20

In a fifth step, the endpoints are polled to discover the
victims, and 1n a sixth step a normal allocation on the now
cleared path 1s performed.

According to the above embodiment, 1t 1s also easy to
know which routes were victimized. In particular, at the end 2°
of the victim propagation step, the sink will know, by the
position of the mput, which source 1s lost. If the sink knows
which source 1s associated with this mput, that 1s enough
information for 1t to inform the route controller which
source-sink pair(s) has been ripped up and needs to be 3V
re-routed. It 1s possible that many paths are victimized
during a single deallocation. All victim paths can be 1den-
tified by a binary collection tree in at most log(N)+number
of victims cycles.

Alternatively, the controller can poll each endpoint, but
this technique will identify the victim paths in at most N
cycles. A second alternative could be that of building another
binary tree that arbitrates based on priority and passes up
victims so that, 1f the tree 1s set to give priority to left, each
node passes first data from the left and then data from the
right. In this case, 1dentification will occur again in at most
log(N)+number of victims cycles. A further faster alternative
could be that of adopting a hybrid that uses a 1-b version of
the binary tree to quickly identify where the victims are, and
then uses polling to get the results. A still further alternative
can use a set ol masked requests (‘Does anyone mn PO ... P15
have victims? If no, how about P16 . . . P32? etc). Based on
the reading of the present apphcatlon the person skilled 1n
the art will be able to find additional alternatives.

Similarly to the allocation step above, the time required
for the victimization step can be reduced if the control
signals are pipelined. Experiments conducted by the imnven-
tors have shown a speed up of over 2100 when compared
with a pure software method, even 1n absence of pipelining.
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Software Allocation and Victimization
According to an alternative embodiment of the present
invention, the allocation and victimization steps may be
performed by software only, and only the route search step
shown 1 FIGS. 5-7 1s performed by hardware. In this 60
alternative embodiment, no allocation or deallocation logic
as shown 1 FIGS. 12 and 15 need be provided, but the
configuration bits will need to be addressable to set and clear
confliguration bits as routes are allocated and victimized. In
particular, the software bookkeeping will need a table to 65
track switch usage. This table 1s mdexed by switchpoint
identification as shown 1n FIG. 16 and contains: switchpoint
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identification 151 for the left child switch of this switch-
point; switchpoint identification 152 for the night child
switch of this switchpoint; 1dentification 153 of the net that
1s using this switchpoint (if used); switchpoint identification
154 for the crossover switch for the route through this
switchpoint when 1n use.

Route search i1s initiated as before using the hardware
OR-up logic. When an available route 1s found, the control-
ling processor queries the crossover switchbox to discover
which path was selected. The processor then walks the
switchpoint table, starting at the crossover switchpoint, and
stores the net 1dentification and crossover switchpoint 1n
cach switchpoint along the path. As each switchpoint is
visited, the processor also 1ssues a command to the network
to allocate the appropriate switch bit.

With reference to the software version of the victimization
step, the following steps are performed:

I Walk the switchpoint table starting at the victim cross-

over switchpoint

II For each switch visited:

1) Find out 1f a net already occupies that segment
1) I a net occupies the segment, then:
A. Add that net to the list of unrouted nets
B. Lookup the switchpoint which 1s the root of the
existing net connection
C. For each switchpoint belonging to this net:
Issue a command to the network to clear the
switch bit
Clear the net from the wire segment’s entry 1n the
segment table

After deallocation of the victim paths, allocation 1s per-
formed.

Application to Hypergraphs

Up to now, only point-to-point network connections have
been described. However, the results shown above can also
be adapted to diil

cerent scenarios. One ol the fields of
application of the hardware-assisted method according to the
present invention can be extended to route netlists with
fanouts (hypergraphs). A network with fanout 1s a network
where the path to be defined 1s a path between a source and
a plurality of destinations, instead of being a path between
a single source and a single destination.

In order to do so, a state bit 1s added at every switch. The
configuration of a switch will be similar to the configuration
already shown in FIG. 11, with the diflerence that 1n this
case a state bit ATN (allocate_this_net) will be present and
the MUX 88 of FIG. 11 imstead of being triggered by the
logic expression (CL+CR+CA)*/(CL*B+CR*C), will be
triggered by the logic expression (CL+CR+CA)*/ATN*/
(CL*B+CR*C). Therefore, the only logic change 1s not to
delay the signal when ATN 1s set.

The state bit 1s set when the switch 1s allocated during the
current net search (with reference to FIG. 12 this means that
the signal 121 1s asserted or the outputs of ANDs 125, 126
are asserted) and cleared when starting to route a new net.
The following scheme 1s implemented, where reference 1s
made to FIG. 17:

1. Order the destinations associated with a single source
by the path length. See step S1 i FIG. 17. For a tree
network, this 1s the same as twice the height of the
crossover switchbox, 1.e. the level of the least common
ancestor of the source and sink.

2. For each destination (obtained through step S2 1n FIG.
17)

a) From the sink, a search signal 1s sent on all unused
inputs and the global route signal 1s driven. See step




Us 7,342,414 B2

15

S3 1n FIG. 17. As already explained above, the global
route signal 1s a global binary tree that guides the
allocation process. From the crossover switch, dur-
ing allocation, we need to know which child con-
nection to make to reach the source or the sink; the
global-route tree provides this information
b) From the source, we do nothing and do not drive the
global route signal
c) At a switch, we look at the global route signal to tell
us which direction 1s the sink side; the sink side will
have the global route signal driven. The state bit will
help to determine 1f the switch has been allocated
during the current net search and therefore can be a
point of fanout for the current fanout search. See step
S4 1n FI1G. 17. I the state bit 1s set and the sink side
1s congestion free, an available path has been found
d) Set the state bit ATN when allocating the path, 1n
order to make clear that this new allocation 1s also
part of the net currently routed. See step S5 in FIG.
17.
¢) Otherwise, drive ones 1nto all available source paths
and allocate a new path, like a standard route search.
See step S6 1n FIG. 17. An ATN 1s set for all switches
on the path, to make clear that this 1s also part of the
net currently routed. See step S7 in FIG. 17.

Although the above scheme probably uses more resources
than optimal, 1t definitely uses fewer resources than treating,
cach source-sink connection as a separate net.

A problem with this kind of procedure when used with a
count net approximation 1s that a net with 1,000 fanouts will
cost the same as a net with no fanout. If a net with large
fanouts 1s victimized, a large number of two-point nets will
be npped out when the large fanout net 1s re-routed, resulting,
in slower convergence and worse routing quality. To deal
with this problem, one could count the number of fanouts
that would be aflected and choose the path with the least
tanouts. However, implementing an exact fanout count 1n
hardware could be prohibitively expensive.

A better embodiment allows to approximate the count
fanout heuristic 1n a binary fashion with a fanout lock. The
idea 1s that nets with large fanouts should be locked down
alter they have been routed, 1n order to prevent them from
being ripped-out. In the scheme above, the cost for victim-
1zing a high fanout net 1s practically infinite, so a high fanout
net should not be a victim candidate. Since nets are ordered
by decreasing fanout, high fanout nets will be routed first
betore they have a chance to interfere with each other. To
implement fanout lock 1n hardware, a lock bit will be added
for every switch, to be asserted, after allocation, for a high
fanout net.

If a switch has an asserted lock-bit, 1t will not propagate
cost signal upward. This assures the crossover switch box
will not select a path with high fanout nets. In the preferred
embodiment, nets with more than ten fanouts are locked
after allocation.

An example of a switch including a lock bit 1s shown 1n
FI1G. 18, where a lock bit LOCK 1s shown. If LOCK 1s set,
the additional AND gate 189 prevents the search signal from
being passed up to the parent A during a search.

Application to Meshes
The method according to the present invention can also be
used with more traditional, mesh-based FPGA routing net-
works. The following additional challenges will need to be
taken 1nto consideration:
There 1s no well defined crossover point which will
contain all possible routes.
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It 1s not obvious which direction through a switchpoint
actually leads to the shortest path to the destination.
The path back to the source 1s not implied directly by the

topology of the routing network.

Not all paths from source to sink are the same length and
non-minimal length paths may be important compo-
nents of a good solution.

The more general hardware-search strategy 1s to start a
path search as before, with the source driving a one into its
output and all non-sources driving zeros. In this case, we do
not drive from the sink. Rather, the sink will ‘listen’ for the
arrival of a one on one of 1ts mputs. The switches are
designed to propagate the one driven from the source along
any Iree path in the network without delay and to propagate
along congested paths only after inserting an appropriate
delay to approximate an appropriate congestion delay. Using
this basic scheme, the signal from the least delay path wall
arrive at the destination first.

In order to find the path back to the source and negotiate
among equivalent, alternative paths, “breadcrumbs™ can be
left to mark the path back from the source to the sink. That
1s, each switchpoint notes which iput arrives first and marks
that input as the appropriate direction to route an allocate
signal should 1t subsequently receive one. It 1s quite possible
that two or more search signals arrive at the same switch-
point at the same time. To promote stochastic path selection,
the switchpoint 1s allowed to select randomly among the
input signals arriving at the same time. The selected 1nput
will be called the preferred input. Here, unlike the tree, the
random selection 1s distributed along the path instead of
making a single random selection at the end.

Allocation proceeds analogous to the tree case. We drive
a one 1nto the selected input at the sink. This one will follow
the stored preferences back to the source, marking the
switchpoints which the path touches as allocation choices.
As before, 11 this new path intersects with an existing path,
the switches are marked as victims. A victim identification
phase allows all victim paths to be 1dentified and dropped
from the network. The source records the fact that 1t was
victimized so the route controller will know that 1t needs to
be rerouted. FIGS. 19-24 show an example of operation of
the above outlined route search process, where the result of
a path search for a route from node (0, 1) to node (2, 1) 1s
shown.

With reference to FIG. 19, the light, thick lines show
pre-existing routes. For example, line 160 shows a route
from node (0, 0) to node (2, 0); line 161 shows a route from
node (0, 1) to node (2, 1); and line 162 shows a route from
node (1, 2) to node 1, 1). In the case at 1ssue, the source node
will be node (0, 1) and the destination node will be node (2,
1).

FIG. 20 shows the beginning of a first cycle of the search,
where the search signal exits the source (0, 1) into the
associated vertical channel 170 and horizontal channel 171.

FIG. 21 shows the end of the first cycle, where the signal
has reached four switchpoints: switchpoint 180, switchpoint
181, switchpoint 182, switchpoint, 183, and switchpoint
184. It can be noted that switches 180 and 181 are reached
simultaneously from two directions. In this case, one of the
two directions 1s selected randomly as the winner. In FIG. 21
the dots 184, 185, 186, and 187 indicate the winning,
preferred path, which is trivial 1n the case of a single path
reaching a determined switchpoint. The links are marked
with 1, which indicates the timestep when the search signal
reaches the annotated signal.

FIG. 22 shows the situation at the end of the second cycle,
where the signal has reached switchpoints 190, 191, and
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192. The links are marked with 2, because the switchpoints
are reached 1n the second timestep.

FI1G. 23 shows the situation at the end of the sixth cycle,
where the destination (2, 1) 1s reached. Therefore, a path
from the node (0, 1) to the node (2, 1) has been established.
The destination will now send back an allocation signal
along the marked path, using the dots to select a single back
path at each switchpoint.

FIG. 24 1s similar to FIG. 19, the only difference being
that a new path, indicated with 210, 1s now present.

Application to Meshes With Fanout

To support fanout in the mesh, we route all of the
destinations (two-point connections 1n a net) one at a time 1n
sequence and add additional state to keep track of which
switchpoints are allocated by the current net. To attempt to
mimmize the resources used by each net, we allow path
search to tlow along paths already allocated to this net. The
basic path search for each endpoints 1s as follows:

1. Drive a one 1nto the source and allow 1t to propagate

along the already allocated path

2. Conftinue search, allowing the search to proceed out-

ward from the existing path through free paths, but do
not allow any signal propagation through congested
paths; this has the eflect of finding the shortest, con-
gestion-ree extension of the existing net, 11 there 1s one

3. If that fails, start a fresh search back at the sources, but

keep the path preferences from the previous search
where approprate; this new search from the source
makes sure that we find the shortest path according to
the standard congestion delay metric to the sink. The
new path may be routed in a new domain if that 1s the
least cost path. Since we keep the preferences from the
previous search, existing paths will always be preferred
over new paths when they are the same length; how-
ever, 1 a new path 1s shorter, which can happen because
of victimization, the shorter path 1s taken. Had we not
restarted this victimizing search from the source, we
could not guarantee to find the path with the least
victimization.

Some variations can be provided to the scheme above:

Atomic victimization—Nets can be removed either atomi-
cally or one link at a time; the simplest scheme for
non-atomic victimization is to simply victimize the net
atomically, then add back all the destinations which can
be added without victimizing existing paths; this requires
time to clear out a net (drop it) before rerouting it.

Count net transitions—By allowing a path search forward
along previously allocated paths without delay, the num-
ber of nets which intersect a path can be counted rather
than the number of used switches.

Congestion delay—Since the mesh and networks 1n general
may have non-minimal length paths, simply delaying the
search signal one cycle 1s not adequate to distinguish
between a congested route and a longer, uncongested
route. Consequently, increased congestion delays can be
considered to help mitigate the aliasing effects.

Finally, the structure for both of these routers can be
mapped mmto FPGA LUTs so that a large collection of
FPGASs can be used to perform the routing of a single FPGA.

FI1G. 25 shows the logic equations needed to implement a
tree switch that supports the hardware-assisted routing
shown 1n FIGS. 19-24. With reference to FIG. 25, the
symbols CL, CR and CA are the configuration bits for the
left, right and across transistors. GlobalRoute,_; and Glo-
balRoute,, ,, are part of the global tree that guides the
allocation process. The symbols Allocate, VictimSearch,
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IdentifyVictim, ClearVictim, Drop, DropBit, Lock, and
NewNet are global control signals to help guide the routing
process. To implement these equations i LUT would
require around 21 LUTs, two of which are added for fanout
support. Moreover, we need to consider the additional logic
needed at the switch box level such as the random number
generator, the parallel prefix circuit, and various control
signals between the switch box and the global route con-
troller. It can be conservatively estimated that it would
require 9 more LUTs per switch for the switch-box level
logic. As a result, 1t would require 30 LUTs to simulate a
fast-routing switch. Conservatively counting a P-switch
(two up-links) as two T-switches (one up-link) and assuming,
p=0.67, 1t can be shown that the total number of switchpoints
in a design will be 5xN_arrayxC.

With reference to mesh implementation, the core of mesh
implementation 1s the switchpoint logic. FIG. 26 shows a
representative set of equations for the diamond switchpoint.
The symbol ‘von’ designates “Used by Other Nets.” The
symbol ‘ATN’ indicates “Allocated for This Net.” It can be
shown that several hundred LUTs per domain are needed.
Since domains are independent, 1t would likely be beneficial
to sequentialize domain search so that we contain the total
design to several hundred LUTs per LUT 1n the original
design.

According to the present invention, parallel routing of
nets can also be performed. With reference to the HSRA, for
example, as long as routes are in disjoint subtrees, route
search can be performed in parallel. Managing of parallel
routing will be performed through a signal controller. More
sophisticated cases can involve a hierarchical set of control-
lers.

Assuming the controller 1s a traditional RISC and the full
hardware version of the present invention, each route opera-
tion will require something like 20 cycles. The use of
hierarchical controllers will be important for scaling, avoid-
ing idles on a subtree while initiating routes on other
subtrees. For example, a number of controllers at least equal
to the number of subtrees can be provided.

While several illustrative embodiments of the ivention
have been shown and described in the above description,
numerous variations and alternative emodiments will occur
to those skilled 1n the art. Such vanations and alternative
embodiments are contemplated, and can be made without
departing from the scope of the invention as defined 1n the
appended claims.

What 1s claimed 1s:

1. A network comprising;:

a plurality of endpoints connectable through interconnect

links; and

a plurality of switchpoints to programmably connect one

or more of the interconnect links, a path between
endpoints being determined by a configuration of
switchpoints,

wherein the switchpoints include propagation circuitry to

propagate a search signal 1n parallel through a plurality
of unused paths 1n the network, to 1dentify the configu-
ration of switchpoints allowing a path between a first
endpoint and a second endpoint to be established.

2. The network of claim 1, wherein the switchpoints
include switchpoints having at least one parent channel and
at least two child channels, the propagation circuitry com-
prising a first OR gate to send a status signal of the child
channels to the at least one parent channel.

3. The network of claim 2, wherein the child channels are
connectable to the parent channel and between themselves
through up-down switches controlling connection between
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the parent channel and a child channel and a crossover
switch controlling connection between the child channels,
the status signal having a status path distinct from a child-
parent path connecting the child channels to the parent
channels and a child-child path connecting the child chan-
nels between themselves.

4. The network of claim 3, wherein the propagation
circuitry further comprises enabling circuitry to enable the
status signal to be received by the parent channel.

5. The network of claim 4, wherein the enabling circuitry
comprises a tristate buller enabling the status signal to be
received by the parent channel during a time period where
the up-down switches do not establish a connection between
the parent channel and a child channel.

6. The network of claim 5, wherein the status signal 1s not
sent to the parent channel 1n case the crossover switch
establishes a connection between the child channels.

7. The network of claim 1, wherein the switchpoints
turther comprise delay circuitry, to delay the search signal
cach time a switchpoint 1s 1n use.

8. The network of claim 7, wherein the delay circuitry
comprises a delay tlip-tlop.

9. The network of claim 3, further comprising:

a delay circuit selectively connected to the first OR gate,
wherein the status signal 1s delayed when at least one

up-down switch 1s 1 use and 1s not delayed when no
up-down switch 1s 1n use.

10. The network of claim 3, further comprising:

a delay circuit selectively connected to the first OR gate,
wherein the status signal 1s delayed when at least one
among the up-down and crossover switches 1s 1n use
and 1s not delayed when the up-down and crossover
switches are not 1n use.

11. The network of claim 10, further comprising

a second OR gate and a multiplexer connected to the
second OR gate, wherein the second OR gate 1s indica-
tive of at least one switch being set among the up-down
and crossover switches, the second OR gate controlling
propagation or delay of the status signal.

12. The network of claim 3, further comprising:

a delay circuit selectively connected to the first OR gate,
wherein the status signal 1s not delayed when the
up-down switches are not in use or the search signal has
a direction consistent with a condition of the up-down
switches and the status signal 1s delayed when the
search signal has a direction inconsistent with a con-
dition of the up-down switches.

13. The network of claim 1, wherein the switchpoints
turther comprise 1dentification circuitry to identify the pres-
ence of the search signal on two or more child channels.

14. The network of claim 3, wherein the switchpoints
comprise allocation circuitry to set the configuration of
switchpoints between the first endpoint and the second
endpoint once the path between the first endpoint and the
second endpoint has been established.

15. The network of claim 14, wherein choice among
equivalent paths 1s made randomly.

16. The network of claim 14, wherein the allocation
circuitry comprises:
circuitry acting as a global route binary tree within the
network, said circuitry been able to retrieve path-
forming switchpoints once the path from the {first
endpoint to the second endpoint has been established,
the path-forming switchpoints including a crossover
switchpoint, the crossover switchpoint having at least a
crossover switchpoint parent channels and at least two

10

15

20

25

30

35

40

45

50

55

60

65

20

crossover switchpoint child channels, the search signal
having been propagated to the crossover switchpoint
child channels;

means for deasserting the search signal from the crossover

switchpoint child channels;

means for establishing connection of the crossover

switchpoint child channels to a voltage source, thus
establishing an allocation voltage value on the cross-
over switchpoint child channels;

means to propagate the allocation voltage value to other

path-forming switchpoints; and

means for setting the other path-forming switchpoints

once the other path-forming switchpoints have been
reached by the propagated allocation voltage value.

17. The network of claim 16, wherein choice among
equivalent paths 1s made randomly.

18. The network of claim 1, wheremn the switchpoints
comprise deallocation circuitry to clear switchpoints per-
taining to an existing configuration of switchpoints once no
path between the first endpoint and the second endpoint has
been established.

19. A network comprising:

a plurality of endpoints connectable through intercon-

nects; and

a plurality of programmable switchpoints to connect one

or more of the interconnects,

wherein the switchpoints and the interconnects act as:

search circuitry during a search phase where a search

signal 1s propagated 1n parallel through a plurality of
free paths 1n the network to 1dentity a configuration of
switchpoints establishing a path between a first end-
point and at least one second endpoint;

allocation circuitry during an allocation phase where the

switchpoints of the configuration of switchpoints estab-
lishing the path are set;

victimization circuitry during a deallocation phase where

set switchpoints are cleared; and

path-establishing circuitry during normal operation of the

network.

20. A hardware-assisted method to route a signal between
a 1irst endpoint and a second endpoint on a network having
connections and switchpoints, comprising:

determiming unused network connections; and

driving a search signal into the network along a plurality

of the unused network connections to 1dentify a con-
figuration of switchpoints allowing a path between the
first endpoint and the second endpoint to be estab-
lished.
21. The method of claim 20, further comprising;
allocating the established path by setting the configuration

of switchpoints.

22. The method of claim 20,
wherein driving a search signal comprises:

driving a first search signal from the first endpoint to a

first switchpoint;

driving a second search signal from the second end-

point to a second switchpoint; and

propagating the first and second search signal through
the plurality of the unused network connections from
the first and second switchpoint to other switch-

points,

wherein the path between the first endpoint and the
second endpoint 1s established once a switchpoint to
which both the first search signal and the second
search signal have been propagated 1s determined.

23. The method of claam 20, wherein, when multiple
configurations of switchpoints allowing a path between the
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first and second endpoint to be established are determined,
a single configuration 1s selected.

24. The method of claim 23, wherein the single configu-
ration 1s selected randomly.

25. The method of claim 24, wherein the single configu-

ration 1s selected according to a Pseudo-Random Number
Generator—Cyclic-Segmented Parallel Prefix (PRING-
CSPP) generation scheme.

26. The method of claim 20, wherein, when no configu-
ration of switchpoints allowing a path between the first and
second endpoint to be established are determined, the path
1s established by using resources from an already existing
path.

277. The method of claim 26, wherein the already existing,
path 1s the least congested path among existing paths.

28. The method of claim 20, wherein, when no configu-
ration of switchpoints allowing a path between the first and
second point to be established are determined, the path 1s
established by victimizing at least one conflicting path to
expose an available path.

29. The method of claim 28, wherein the path to be
victimized 1s selected randomly.

30. The method of claim 28, wherein the path to be
victimized 1s the path with least congestion among existing,

paths.

31. The method of claim 28, wherein the path to be
victimized 1s selected randomly from among the paths with
least congestion among existing paths.

32. The method of claim 28 wheremn victimizing 1s
performed by hardware.

33. The method of claim 28 wherein victimizing 1s
performed by software.

34. A network comprising:

a plurality of endpoints connectable through intercon-
nects; and

a plurality of switching elements to programmably con-
nect one or more of the interconnects, a path between
endpoints being determined by a configuration of
switching elements,

wherein the switching elements comprise propagation
hardware to propagate a search signal 1n parallel
through a plurality of available paths in the network, in
order to identily a configuration of switching elements
allowing a path between one endpoint and a plurality of
other endpoints to be established.

35. The network of claim 34, wherein each switching
clement comprises a state bit to be set during a current net
search.

36. A method for searching a path, 1n a network having a
plurality of switchpoints, between a source and a plurality of
destinations, the method comprising, for each destination:

propagating a search signal from the destination along a
plurality of unused network connections 1n parallel to
identily path-establishing switchpoints establishing a
path between the source and the destination; and

allocating the established path by setting the path-estab-
lishing switchpoints.
37. The method of claim 36, further comprising:

ordering each destination according to a length of a path
between the source and that destination before propa-
gating a search signal.

38. A method for establishing a route between a source
and at least a destination on a programmable routing net-
work having a plurality of switchpoints, comprising;:
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in a first time step, starting a route search by drniving a
search signal from the source along a plurality of
unused network connections originating from the
SOUrCe;

upon reaching of a switchpoint, 1n a second time step,
propagating the search signal along a plurality of
unused network connections originating from the
switchpoint;

in case the search signal reaches the switchpoint from
more than one direction, determining a preferred direc-
tion of propagation of the search signal originating
from the switchpoint; and

terminating the route search when the search signal
reaches the at least one destination.

39. The method of claim 38, further comprising keeping,
track of a number of time steps used to reach any switch-
point.

40. The method of claim 38, wherein an allocation signal
1s sent along a preferred route determined during the route
search.

41. A method for establishing a route between a source
and at least one destination on a programmable routing
network having a plurality of switchpoints, comprising:

starting a route search by driving a search signal from the
source to one or more first switchpoints;

propagating the search signal in parallel along a plurality
of paths from the one or more first switchpoints to other
switchpoints; and

terminating the route search when the signal reaches the
at least one destination.

42. The method of claim 41, wherein the search signal 1s
driven along multiple directions, and wherein a preferred
direction 1s chosen each time a switchpoint is reached from
multiple directions.

43. A network comprising:

a plurality of endpoints connectable through interconnect

links; and

a plurality of switchpoints to programmably connect
one or more of the interconnect links, a path between
endpoints being determined by a configuration of
switchpoints,

wherein the switchpoints include propagation circuitry
to propagate a search signal through the network, to
1dentily the configuration of switchpoints allowing a
path between a first endpoint and a second endpoint
to be established,

wherein the switchpoints include switchpoints having
at least one parent channel and at least two child
channels, the propagation circuitry comprising a first
OR gate to send a status signal of the child channels
to the at least one parent channel,

wherein the child channels are connectable to the
parent channel and between themselves through up-
down switches controlling connection between the
parent channel and a child channel and a crossover
switch controlling connection between the child
channels, the status signal having a status path dis-
tinct from a child-parent path connecting the child
channels to the parent channels and a child-child
path connecting the child channels between them-
selves,

wherein the propagation circuitry further comprises
enabling circuitry to enable the status signal to be
received by the parent channel,

wherein the enabling circuitry comprises a tristate
bufler enabling the status signal to be received by the
parent channel during a time period where the up-




Us 7,342,414 B2
23 24

down switches do not establish a connection between
the parent channel and a child channel.

44. The network of claim 43, wherein the status signal 1s
not sent to the parent channel 1n case the crossover switch
establishes a connection between the child channels. 5

45. A network comprising:

a plurality of endpoints connectable through interconnect

links; and
a plurality of switchpoints to programmably connect
one or more of the interconnect links, a path between 10

a delay circuit selectively connected to the first OR
gate, wherein the status signal 1s not delayed when
the up-down switches are not 1 use or the search
signal has a direction consistent with a condition of
the up-down switches and the status signal 1s delayed
when the search signal has a direction inconsistent
with a condition of the up-down switches.

4'7. A network comprising:

a plurality of endpoints connectable through interconnect

endpoints being determined by a configuration of
switchpoints, wherein the switchpoints include
propagation circuitry to propagate a search signal
through the network, to identity the configuration of
switchpoints allowing a path between a first endpoint
and a second endpoint to be established, wherein the
switchpoints include switchpoints having at least one
parent channel and at least two child channels, the
propagation circuitry comprising a first OR gate to
send a status signal of the child channels to the at
least one parent channel,

wherein the child channels are connectable to the
parent channel and between themselves through up-
down switches controlling connection between the
parent channel and a child channel and a crossover
switch controlling connection between the child
channels, the status signal having a status path dis-
tinct from a child-parent path connecting the child
channels to the parent channels and a child-child
path connecting the child channels between them-
selves,

a delay circuit selectively connected to the first OR
gate, wherein the status signal 1s delayed when at
least one among the up-down and crossover switches
1s 1n use and 1s not delayed when the up-down and
crossover switches are not 1n use; and

a second OR gate and a multiplexer connected to the
second OR gate, wherein the second OR gate 1s
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links; and

a plurality of switchpoints to programmably connect one

or more of the interconnect links, a path between
endpoints being determined by a configuration of
switchpoints, wherein the switchpoints include propa-
gation circuitry to propagate a search signal through the
network, to identify the configuration of switchpoints
allowing a path between a first endpoint and a second
endpoint to be established, wherein the switchpoints
include switchpoints having at least one parent channel
and at least two child channels, the propagation cir-
cuitry comprising a first OR gate to send a status signal
of the chuld channels to the at least one parent channel,

wherein the child channels are connectable to the parent

channel and between themselves through up-down
switches controlling connection between the parent
channel and a child channel and a crossover switch
controlling connection between the child channels, the
status signal having a status path distinct from a child-
parent path connecting the child channels to the parent
channels and a child-child path connecting the child
channels between themselves, wherein the switch-
points comprise allocation circuitry to set the configu-
ration of switchpoints between the first endpoint and
the second endpoint once the path between the first
endpoint and the second endpoint has been established,
wherein choice among equivalent paths 1s made ran-
domly.

indicative of at least one switch being set among the
up-down and crossover switches, the second OR gate 40
controlling propagation or delay of the status signal.
46. A network comprising:
a plurality of endpoints connectable through 1nterconnect

48. A network comprising:

a plurality of endpoints connectable through interconnect
links:; and

a plurality of switchpoints to programmably connect one

links; and

a plurality of switchpoints to programmably connect
one or more of the interconnect links, a path between
endpoints being determined by a configuration of
switchpoints, wherein the switchpoints include
propagation circuitry to propagate a search signal
through the network, to 1identity the configuration of
switchpoints allowing a path between a first endpoint
and a second endpoint to be established, wherein the
switchpoints include switchpoints having at least one
parent channel and at least two child channels, the
propagation circuitry comprising a first OR gate to
send a status signal of the child channels to the at
least one parent channel,

wherein the child channels are connectable to the
parent channel and between themselves through up-
down switches controlling connection between the
parent channel and a child channel and a crossover
switch controlling connection between the child
channels, the status signal having a status path dis-
tinct from a child-parent path connecting the child
channels to the parent channels and a child-child
path connecting the child channels between them-
selves,
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or more of the interconnect links, a path between
endpoints being determined by a configuration of
switchpoints, wherein the switchpoints include propa-
gation circuitry to propagate a search signal through the
network, to identify the configuration of switchpoints
allowing a path between a first endpoint and a second
endpoint to be established, wherein the switchpoints
include switchpoints having at least one parent channel
and at least two child channels, the propagation cir-
cuitry comprising a first OR gate to send a status signal
of the child channels to the at least one parent channel,

wherein the child channels are connectable to the parent

channel and between themselves through up-down
switches controlling connection between the parent
channel and a child channel and a crossover switch
controlling connection between the child channels, the
status signal having a status path distinct from a child-
parent path connecting the child channels to the parent
channels and a child-chuld path connecting the child
channels between themselves, wherein the switch-
points comprise allocation circuitry to set the configu-
ration of switchpoints between the first endpoint and
the second endpoint once the path between the first
endpoint and the second endpoint has been established,
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wherein the allocation circuitry comprises:
circuitry acting as a global route binary tree within the
network, said circuitry been able to retrieve path-
forming switchpoints once the path from the first
endpoint to the second endpoint has been established,
the path-forming switchpoints including a crossover
switchpoint, the crossover switchpoint having at least a
crossover switchpoint parent channels and at least two
crossover switchpoint child channels, the search signal
having been propagated to the crossover switchpoint
child channels;
means for deasserting the search signal from the crossover
switchpoint child channels;
means for establishing connection of the crossover
switchpoint child channels to a voltage source, thus
establishing an allocation voltage value on the cross-
over switchpoint child channels;
means to propagate the allocation voltage value to other
path-forming switchpoints; and
means for setting the other path-forming switchpoints
once the other path-forming switchpoints have been
reached by the propagated allocation voltage value.
49. The network of claim 48, wherein choice among
equivalent paths 1s made randomly.
50. A hardware-assisted method to route a signal between
a first endpoint and a second endpoint on a network having
connections and switchpoints, comprising:
determining unused network connections; and
driving a search signal into the network to identily a
configuration of switchpoints allowing a path between
the first endpoint and the second endpoint to be estab-
lished,
wherein driving a search signal comprises:
driving a first search signal from the first endpoint to a
first switchpoint; driving a second search signal from
the second endpoint to a second switchpoint; and
propagating the first and second search signal from the
first and second switchpoint to other switchpoints,
wherein the path between the first endpoint and the
second endpoint 1s established once a switchpoint to
which both the first search signal and the second search
signal have been propagated 1s determined.
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51. A hardware-assisted method to route a signal between
a first endpoint and a second endpoint on a network having
connections and switchpoints, comprising;:

determining unused network connections; and

driving a search signal into the network to identity a
configuration of switchpoints allowing a path between
the first endpoint and the second endpoint to be estab-
lished, wherein, when no configuration of switchpoints
allowing a path between the first and second point to be
established are determined, the path 1s established by
victimizing at least one conflicting path to expose an
available path, wherein the path to be victimized 1is
selected randomly.

52. A hardware-assisted method to route a signal between
a first endpoint and a second endpoint on a network having

connections and switchpoints, comprising;:
determining unused network connections; and

driving a search signal into the network to identity a
configuration of switchpoints allowing a path between
the first endpoint and the second endpoint to be estab-
lished, wherein, when no configuration of switchpoints
allowing a path between the first and second point to be
established are determined, the path 1s established by
victimizing at least one conflicting path to expose an
available path, wherein the path to be victimized 1is
selected randomly from among the paths with least
congestion among existing paths.

53. A method for searching a path, 1n a network having a
plurality of switchpoints, between a source and a plurality of
destinations, the method comprising, for each destination:

propagating a search signal from the destination along
unused network connections to identily path-establish-
ing switchpoints establishing a path between the source
and the destination;

allocating the established path by setting the path-estab-
lishing switchpoints; and ordering each destination
according to a length of a path between the source and
that destination before propagating a search signal.
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